Tunicamycin (TUN), an inhibitor of protein glycosylation and therefore a potent stimulator of endoplasmic reticulum (ER) stress, has been used to improve anticancer drug efficacy, but the underlying mechanism remains obscure. In this study, we show that acute administration of TUN in mice induces the unfolded protein response and suppresses the levels of P21, a cell cycle regulator with anti-apoptotic activity. The inhibition of P21 after ER stress appears to be C/EBP homologous protein (CHOP)-dependent because in CHOP-deficient mice, TUN not only failed to suppress, but rather induced the expression of P21. Results of promoter-activity reporter assays using human cancer cells and mouse fibroblasts indicated that the regulation of P21 by CHOP operates at the level of transcription and involves direct binding of CHOP transcription factor to the P21 promoter. The results of cell viability and clonogenic assays indicate that ER-stress-related suppression of P21 expression potentiates caspase activation and sensitizes cells to doxorubicin treatment, while administration of TUN to mice increases the therapeutic efficacy of anticancer therapy for HepG2 liver and A549 lung cancers.
Introduction
The unfolded protein response (UPR) is a conserved biochemical response that follows endoplasmic reticulum (ER) stress and aims to attain cellular homeostasis (Ron & Walter 2011 ). However, prolonged or severe ER stress induces ER-stress-associated apoptosis with the transcription factor C/EBP homologous protein (CHOP) playing an instrumental role (Zinszner et al. 1998 , Oyadomari & Mori 2004 , Puthalakath et al. 2007 . CHOP belongs to the family of c/EBP transcription factors and can stimulate gene transcription directly or inhibit it by displacing other transcription factors of the c/EBP family with positive effects on gene expression (Zinszner et al. 1998 , Oyadomari & Mori 2004 , Puthalakath et al. 2007 .
ER stress is involved in various pathologic conditions, while its modulation increasingly appears to have therapeutic value for several conditions including cancer (Farmaki et al. 2011 , Firczuk et al. 2013 , Ahmad et al. 2014 , Liu et al. 2014 ). An important aspect of ER stress and subsequent UPR is the regulation of the balance between the prosurvival (adaptive) and pro-apoptotic mode of action. Consistent with this notion, during its earlier stages the UPR is pro-survival while at subsequent stages it becomes pro-apoptotic (Ron & Walter 2011) . Results of previous studies at our laboratory indicated that an inverse correlation between the activation of the UPR and the expression of P21 exists (Mihailidou et al. 2010) . P21 is a cell-cycle regulator with strong anti-apoptotic activity produced by both cellautonomous and non-cell-autonomous mechanisms (Blagosklonny 2002 , Roninson 2002 , Weiss 2003 , Trimis et al. 2008 . Recently, the suppression of P21 expression by the P53 isoform P53/47 during ER stress has been demonstrated and has been linked to the reduction of the apoptotic threshold during anticancer therapy (Mlynarczyk & Fåhraeus 2014) . In this study, we explored the regulation of P21 through the transcription factor CHOP at the level of transcription and evaluated how P21 activity affects the sensitivity of cells to the ER stress inducer tunicamycin (TUN), the conventional anticancer agent doxorubicin (DOX), or a combination of the two. Finally, we assessed whether TUN increases the anticancer efficacy of DOX in tumor-bearing mice.
Materials and methods

Cell culture and transfections
CHOP-deficient and P21-deficient mouse embryonic fibroblasts (MEFs) were generated from 12-day-old embryos by using standard procedures and maintained in DMEM containing 10% FBS and antibiotics/antimycotics. A549 human lung cancer cells and HepG2 (a human hepatocellular liver carcinoma cell line) cells were originally obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and subsequently maintained as described previously. These cell lines were grown at 37 8C in a humidified atmosphere of 5% CO 2 95% air.
The cells were transfected using the Thermo Scientific TurboFect Transfection Reagent according to the manufacturer's instructions.
Survival clonogenic assay
For the colony formation assay, cells treated with DOX (Sigma) (0.2 mM) and TUN (Sigma) (5 mg/ml) or DMSO for 24 h. The cells were then collected and seeded into 100 mm culture plates for 2 weeks. The colonies obtained were fixed with methanol:acetic acid (3:1) and stained with hematoxylin (10% Mayer's hematoxylin). Each data point was generated from measurements performed in triplicate.
Caspase assay for apoptosis detection
Activity of caspases was determined using the Caspase Colorimetric Protease Assay Kit (Invitrogen). Briefly, 3!10 6 cells were used for each treatment and were lysed by the addition of 50 ml of lysis buffer and incubation on ice for 10 min. The supernant was removed by centrifugation at 14 000 g for 1 min: 200 mg of the supernatant was mixed with 50 ml of the 2! reaction buffer provided. Where indicated, 5 ml of a 4 mM solution of the appropriate substrate for caspase 2, 3, and 9 was added to each sample and preincubated with the indicated specimens at 37 8C for 1-2 h. The absorbance was measured at 405 nm microplate reader. Each data point was performed in triplicate.
RT-PCR analysis
Total RNA was isolated from A549 cells by using the TRIzol reagent (Invitrogen), according to the manufacturer's instructions. Semi-quantitative reverse transcriptase PCR (RT-PCR) was carried out using an RT-PCR kit (TaKaRa, Otsu, Japan) according to the manufacturer's protocol. The oligonucleotide primers used for PCR were: P21: The cycling conditions were as follows: for human actin at 95 8C for 30 s, 55 8C at 30 s, and 72 8C at 30 s for 27 cycles and for human P21 at 95 8C for 30 s, 57 8C at 30 s, and 72 8C for 70 s for 28 cycles. The PCR products were electrophoresed into 2% agarose gel and visualized by ethidium bromide. Densitometric analysis was performed by using the ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA).
Western blot assays
The PBS-washed cells and tissues were lysated in RIPA buffer (Sigma) and proteins were separated following electrophoretic separation by SDS-PAGE, and transferred onto nitrocellulose membranes. The membranes were blocked with 5% milk in PBS-T (1! PBS, 0.1% Tween-20), and probed with primary antibodies (GADD153 (F-168): sc-575 Santa Cruz (1:50), p53 antibody (C-19): sc-1311 Santa Cruz (1:500), p21 (F-5) sc-6246 Santa Cruz (1:200), anti-actin, clone C4 MAB1501 Millipore (Billerica, MA, USA) (1:2000), BiP antibody (# 3183) Cell Signaling (Danvers, MA, USA) (1:1000), GRP 94 antibody (H-212): sc-11402 Santa Cruz (1:500)) overnight to detect specific proteins in whole-tissue lysates by western blotting analysis.
Construction of P21
Cip1 promoter gene plasmids 
Luciferase activity assays
Promoter reporter assays were performed using the dualluciferase reporter assay system Firefly and Renilla Luciferase Assay Kit (BiotiumCatalog Number: 30003-1). The promoter activity values were normalized by performing co-transfection with a plasmid expressing constitutively Renilla luciferase. The luciferase activity was measured by using a luminometer. The data shown are expressed in relative luciferase units (RLU) and are representative from at least three independent experiments done in triplicates, with S.D. between experiments shown in the form of error bars.
Chromatin immunoprecipitation assay
A549 cells (5!10 7 ) were seeded into culture dishes and cultured overnight. The cells were either left untreated or treated with TUN (5 mg/ml) for the indicated 0-, 6-, and 24-h time points. Briefly, the cells were crosslinked with 1% formaldehyde in culture media for 10 min at room temperature, followed by neutralization with 125 mM glycine for 5 min at room temperature. The cross-linked chromatin was extracted from the whole-cell lysates. The chromatin was then subjected to fragmentation using a Branson digital sonifier S450D. The sonicated chromatin was pre-cleared and DNA was analyzed by gel electrophoresis to ensure that 200-500-bp sized fragments were obtained before proceeding with chromatin immunoprecipitation (ChIP), with 5 mg of GADD153 (F-168): sc-575 Santa Cruz and p53 antibodies (C-19): sc-1311 Santa Cruz, which were incubated with Protein A/G agarose beads (Santa Cruz sc-2003) overnight to allow antibody coating to the beads. ChIP-enriched DNA was analyzed by PCR using primers corresponding to the human P21 Cip1 promoter. The PCR products were analysed by agarose gel electrophoresis. The PCR primer sets used for the ChIP assay were as follows: chop forward 1: 
Animal studies
CHOP-KO and P53-KO mice have been described previously (Jacks et al. 1994 , Zinszner et al. 1998 . SCID mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). One group of 5-to 6-week old female mice received injections of 2.5!10 6 A549 cells in 100 ml serumfree DMEM and a second group of 5-to 6-week-old female mice received injections of 2.5!10 6 HepG2 cells in 100 ml serum-free DMEM. The animals were inspected for development of tumors externally, using vernier calipers. The tumor volumes were calculated with the formula tumor volumeZ(d) 2 !D/2, where d is width and D is the length of a tumor. Mice were ranked in closely matched groups according to their tumor volume. Treatment with drugs started when the average tumor volume per mouse was between 80 and 100 mm 3 . Then each group of treated mice was divided into four sub-groups. Mice from each sub-group received one i.p. injection of DOX (Sigma) (4 mg/kg) or one i.p. injection of TUN (Sigma) (1.5 mg/kg), carrier alone or a combination of DOX and TUN and tumor volumes was scored. For survival analysis, death events were scored when mice died, when they became moribund and had to be killed, or when they had to be killed because their tumor exceeded 10% of body weight.
Statistical analysis
All data were analyzed by Student's t-test and the results were considered to be significant if P!0.05. Statistical analysis for survival studies was performed using the logrank test to determine significance and differences were considered to be significant when P!0.05.
Results
p21 expression is regulated during ER stress in vivo and in vitro
Initially, we investigated whether ER stress regulates P21 levels in vivo. To that end, WT mice received i.p. injections of the inhibitor of protein glycosylation TUN, which induces ER stress, and the levels of p21 were assessed. As shown in Fig. 1 , TUN stimulated CHOP and reduced the levels of P21 protein in various organs such as the lungs, heart, liver, spleen, and pancreas, indicating that the induction of ER stress is accompanied by suppression of P21 expression.
Under these conditions, the levels of BiP and GRP94 chaperones were induced, indicating the stimulation of the UPR (Fig. 1) . We further investigated whether the suppression of P21 in vivo was CHOP-dependent, considering its role in ER-stress-associated death, in association with the antiapoptotic activity of P21. To that end, we treated CHOPdeficient animals with TUN and P21 protein levels were evaluated. As shown in Fig. 1 , not only was the reduction in P21 was alleviated, but also stimulation of P21 protein levels in the CHOP-deficient mice following administration of TUN was recorded. In tissues obtained from unstressed mice, CHOP ablation caused suppression in the baseline p21 levels (Fig. 1) . We also examined the levels of P21 expression in tissues from P53-deficient mice as P53 is a major activator of P21 expression under various stress-inducing stimuli (el-Deiry et al. Regulation of P21 expression during ER stress by CHOP in vivo. P21 protein expression in organs that had been harvested from WT, CHOP-deficient, and P53-deficient mice following tunicamycin administration (i.p. 1.5 mg/kg) at the indicated time points. In wt mice tunicamycin suppresses while in CHOP-deficient mice stimulates P21 expression. P53 deficiency does not compromise the inhibitory effects of tunicamycin on P21 in vivo.
an overall baseline reduction in the expression of p21, but the TUN-induced suppression of p21 levels was retained. Next we investigated whether CHOP expression in cells in culture regulates the expression of P21. Indeed, plasmidmediated expression of CHOP in A549 lung cancer cells reduced P21 RNA and protein levels ( Fig. 2A and Supplementary Fig. S1 , see section on supplementary data given at the end of this article). In this experiment, cells had been exposed to DOX in order to elevate baseline P21 expression by a P53-dependent mechanism (el-Deiry et al. 1993) , and thus permit recording of P21 suppression. Notably, some moderate induction of P21 protein levels but not RNA levels was recorded when smaller amounts of CHOP cDNA were transfected, which may reflect the posttranscriptional regulation of P21 expression ( Fig. 2A) .
A similar trend in the expression of P21 levels had been revealed by analyzing previously published microarray data (Marciniak et al. 2004) Supplementary Fig. 2S , see section on supplementary data given at the end of this article). In agreement with our findings, a moderate reduction in P21 levels in wt but not in CHOPKO MEFs could be seen following treatment of cells with 2 mg/ml TUN for 4 and 8 h (Marciniak et al. 2004 ).
consequences of 4-and 8-h treatment of primary MEFs with TUN (
P21 expression during ER stress is CHOP-dependent
In order to better understand the mechanism of CHOPdependent regulation of P21 during ER stress, we investigated whether P21 represents a direct transcriptional target of CHOP. Thus, an approximately 700 bp fragment of the P21 promoter upstream of the gene's first exon was cloned and tested for its ability to regulate luciferase expression during ER stress (Fig. 2B ). As P53 is the major transcriptional regulator of P21 and considering that P53 is differentially regulated during ER stress (Qu et al. 2004 , Zhang et al. 2006 , it is conceivable that P53 activity may interfere with the execution of UPR and the activation of P21 promoter transcription. Therefore, in order to eliminate the contribution of P53 to the regulation of p21, we utilized the promoter fragment that did not contain the P53 consensus binding site (Fig. 2B ). As shown in Fig. 2C , TUN added at a dose of 0.1 mg/ml to the culture media of A549 lung cancer cells and MEFs moderately stimulated promoter activity. Increasing concentrations of tunicamycin, however, caused a dose-dependent reduction that was maximal at 5 mg/ml in A549 lung cancer cells and WT MEFs (Fig. 2C) . In fibroblasts isolated from CHOP-deficient animals, this pattern was abolished and P21 promoter activity was consistently lower than that of controls, while TUN exposure produced only minimal effects (Fig. 2C ). Under these conditions, in WT MEFs, CHOP levels were only slightly elevated by lower amounts of TUN but were maximized when TUN was added to the media at 2 and 5 mg/ml, (Fig. 2D) . In A549 cells, the sensitivity to TUN, as reflected by the induction of CHOP levels, was higher as compared with that of the other cells used, reaching maximal stimulation at 0.5 mg/ml (Fig. 2D) . Subsequently, we focused on the regulation of P21 promoter by CHOP during intense ER stress induced by the relatively high dose of 5 mg/ml TUN. As shown in Fig. 2E , both TUN (right panel) and plasmid-mediated CHOP expression (left panel) significantly suppressed luciferase activity, indicating that transcriptional regulation contributes to the suppression of P21 by CHOP in MEFs and in A549 cells. Surprisingly, following TUN treatment, CHOPdeficient cells also exhibited reductions in P21 promoter activity (Fig. 2E , right panel) that were less pronounced than the ones observed in the protein levels of wt MEFs, but were still detectable. A truncated version of the P21 promoter that did not contain a CCAAT sequence considerably reduced the baseline activity of the reporter construct and abolished the suppressive effects of both CHOP transcription factor and TUN in MEFs, A549, and CHOP-deficient cells (Fig. 2E) .
CHOP interacts physically with the P21 promoter during ER stress Next, we investigated whether CHOP protein co-localizes with the P21 promoter. Thus, we performed chromatin IP (ChIP) analysis in A549 cells by using an antibody for CHOP that immunoprecipitates the chromatin-CHOP complex. As shown in Fig. 2F , in cells were exposed to TUN, CHOP was present in the protein complex that interacted with the P21 promoter. As a control for the ChIP assay, we performed immunoprecipitation analysis by using an antibody specific for P53. P21 is an established target of P53 and therefore its promoter is expected to interact physically with P53. Indeed, P53 was found to interact physically with the P21 promoter and, interestingly, this interaction was more pronounced in cells undergoing ER stress (Fig. 2F ).
P21 and CHOP regulate the clonogenic survival of cells in response to TUN alone or in combination with DOX After establishing that during ER stress P21 levels decrease by a mechanism that is CHOP-dependent, we performed a series of clonogenic survival assays to assess the sensitivity of wt, P21-deficient, and CHOP-deficient MEFs to TUN alone or in combination with DOX. Consistently with the anti-apoptotic activity of P21, the survival of p21KO MEFs following DOX exposure was compromised as compared with that of controls while CHOP ablation conferred resistance (Fig. 3A) . Analogous and even more pronounced was the sensitivity of P21KO MEFs to TUN, while CHOP ablation restored their sensitivity, which is consistent with the established pro-apoptotic role of CHOP during ER stress (Fig. 3A) . Combined exposure to both TUN and DOX further reduced the survival of wt MEFs and completely abolished survival in P21KO MEFs indicating that there was synergistic activity between TUN and DOX (Fig. 3A) .
We next investigated whether TUN potentiate the cytotoxic activity of DOX in cancer cells, such as A549 lung and HepG2 liver cells. Initially, we confirmed that TUN can reduce the levels of P21 in the presence of DOX (Fig. 3B) . Subsequently, we performed clonogenic survival assays that confirmed that the cytotoxicity of DOX is more potent in the presence of TUN (Fig. 3C) .
Caspase activation by TUN, DOX, or their combination
In order to test whether different treatments activate distinct caspases preferentially, wt, and P21-deficient, MEFs and A549 lung and HepG2 liver cancer cells were exposed to TUN and DOX alone or in combination, and the activity of caspases 2, 3, and 9 was assessed. As shown in Fig. 3D , with the exception of caspase 2 for wt MEFs, a trend towards an increase in the activity of all three caspases was detected in all cells and for all treatment combinations. In P21KO MEFs and in A549 and HepG2 cancer cells, the activation was consistently more potent for the combined treatment for caspase 3 (Fig. 3D) . Furthermore, P21KO MEFs had acquired sensitivity for caspase 2 (Fig. 3D) .
TUN potentiates the anticancer activity of DOX in mice
Finally, we investigated whether administration of TUN increases the anticancer activity of DOX in tumor-bearing animals. To determine this, SCID mice received inoculations of A549 or HepG2 cancer cells and were then treated with DOX alone TUN alone, or DOX or in combination with TUN. Both DOX and TUN treatment were well tolerated by mice. As shown in Fig. 4 , all treatments significantly inhibited tumor growth in both tumor models, with combination therapy showing increased efficacy compared with either DOX or TUN when administered alone. Furthermore, treatment significantly prolonged the survival of the tumor-bearing animals, with combination treatment essentially preventing the death of animals for the duration of the experiment (Fig. 4) .
Discussion
In this study, we showed that during ER stress P21 levels decrease by means of a mechanism that depends on the CHOP transcription factor that is activated during the advanced stages of UPR. The results of promoter-activity reporter assays and ChIP studies indicated that this regulation is direct and operates at the level of transcription and may involve competition with other members of the C/EBP family of transcription factors that also regulate P21 in a positive manner (Chinery et al. 1997 , Cram et al. 1998 Mihailidou et al. 2015) . The regulation of P21 during ER stress appears to be a rather complex process. In the absence of CHOP, when ER stress is not induced, the baseline levels of P21 decreased, which implies a positive role rather than a negative role of CHOP in P21 transcription. Although CHOP protein remained only marginally detectable in the absence of TUN treatment, it is conceivable that low levels of CHOP, close to or below the detection limits of our assay, were sufficient to modulate P21 expression. Indeed, a positive role of CHOP in the regulation of gene transcription has been reported previously (Ubeda et al. 1996) . Furthermore, during ER stress and in the absence of CHOP, the levels of P21 are increased, indicating that ER stress elicits both positive and negative signals toward P21, of which only the latter involve CHOP activity.
P53, a major regulator of P21 expression in response to various stress-inducing stimuli, appears unrelated to CHOP-induced regulation of P21, because the promoter reporter constructs utilized did not contain P53 binding sites. Furthermore, the results of our experiments carried out on tissues from P53-deficient animals indicate that the inhibitory effect of ER stress on P21 was retained. However, increased binding of P53 to the P21 promoter was revealed by the ChIP analysis, which in turn implies that positive regulation of P21 by P53 during ER stress is likely. Specifically, in mouse tissues that are deficient in CHOP, the levels of P21 increased, which may reflect the activity of P53 or of other positive regulators of P21 expression. In fibroblasts from CHOP-deficient mice, P21 promoter activity decreased during TUN exposure, indicating the operation of CHOP-independent mechanisms in the regulation of p21 expression. Why this negative effect of ER stress was not seen in tissues of CHOP-deficient mice remains unclear, but this may indicate tissue-specific effects on the regulation of P21 expression levels.
The suppression of P21 by ER stress is related to the regulation of cells' survival during ER stress because P21 possesses anti-apoptotic activity. Considering that during earlier stages ER stress is adaptive and pro-survival while during the most advanced stages it is pro-apoptotic, the suppression of P21 by CHOP may facilitate this transition to ER-stress-associated death. Indeed, P21-deficient MEFs had increased sensitivity to TUN, which is consistent with earlier results indicating that P53-deficient cells and animals are more sensitive to the induction of ER stress (Dioufa et al. 2012) . Thus, when the protective activity of P21 is abolished, which may happen when P53 expression is lost, ER-stress-associated death may proceed more Tunicamycin improves the efficacy of DOX in A549 lung and HepG2 liver cancers. Tumor volume ((A) and (B)) and survival ((C) and (D)) of A549 ((A) and (C)) and HepG2 ((B) and (D)) bearing mice that received treatment with DOX (4 mg/kg), tunicamycin (1.5 mg/kg), or a combination of the two. All treatments caused significant inhibition of tumor growth (*P!0.05 Student's t-test) after about 18 days from the initiation of therapy for A549 and 14 days for HepG2. Combination therapy was significantly more potent and the difference reached significance compared with DOX treatment alone after 35 days for A549 and 32 days for HepG2 ( # P!0.05 Student's t-test, (A) and (B)). For the survival analysis: *P!0.05 versus control; efficiently. Furthermore, increased sensitivity of P53-deficient cells to DNA-demethylating agents has been reported, which may also implicate ER-stress induction (Leonova et al. 2013) .
The reduction in P21 expression levels as a result of ER stress sensitizes cells to the cytotoxic drug DOX because the antiapoptotic activity of P21 is eliminated. This protective action of P21 against ER-stress-associated toxicity is also reflected by the levels of caspase activation, which are increased in the P21-deficient MEFs as compared with their wt counterparts, and is also potentiated by the concomitant exposure of cells to DOX and TUN. In addition, increased sensitivity to caspase 2 activation has been seen in the P21KO MEFs that is in agreement with earlier findings indicating the inhibition of P21 caspase 2 expression (Baptiste-Okoh et al. 2008) .
These results, in the context of anti-cancer therapy, indicate that TUN would sensitize cells to the therapeutic effects of DOX. Indeed, treatment of A549 lung and HepG2 liver cancer-bearing mice with TUN strongly inhibited tumor growth and prolonged the survival of the experimental mice in association with DOX, which confirms and extends earlier results revealing the chemosensitizing activity of ER-stress induction (Farmaki et al. 2011 , Firczuk et al. 2013 , Ahmad et al. 2014 , Liu et al. 2014 .
Collectively, our results indicate that P21 is suppressed during ER stress by CHOP, facilitating the transition of the UPR from its adaptive to its pro-apoptotic mode of action. Interfering with this regulation may have important implications for the management of conditions for which manipulation of ER-stress-associated death is beneficial.
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